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Executive Summary

Conceptual Design of a Thermal Control System
for an Inflatable Lunar Habitat Module

NASA is considering the establishment of a manned lunar base
within the next few decades. To house and protect the crew from the harsh
lunar environment, a habitat is required. A proposed habitat is an
spherical, inflatable module. Heat generated in the module must be
rejected to maintain a temperature suitable for human habitation. This
report presents a conceptual design of a thermal control system for an
inflatable lunar module. The design solution includes heat acquisition,
heat transport, and heat rejection subsystems.

The report discusses alternative designs and design solutions for
each of the three subsystems mentioned above. Alternative subsystems for
heat acquisition include a single water-loop, a single air-loop, and a double
water-loop. The vapor compression cycle, vapor absorption cycle, and metal
hydride adsorp'tfioi'nﬁ cycle are the three alternative transport subsystems.
Alternative rejection subsystems include flat plate radiators, the liquid
droplet radiator, and reflux boiler radiators. Feasibility studies on
alternatives of each subsystem showed that the single water-loop, the vapor
compression cycle, and the reflux boiler radiator were the most feasible
alternatives. ... - :

The design team combined the three subsystems to come up with an
overall system design. Methods of controlling the system to adapt it for
varying conditions within the module and in the environment are
presented. Finally, the report gives conclusions and recommendations for
further study of thermal control systems for lunar applications.
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L Introduction

Following the success of the manned space flight program, one of the
next goals of the National Aeronautics and Space Administration (NASA)
is to establish a manned lunar base. To achieve this goal, NASA has tasked
space system contractors and consultants to investigate various scenarios
for the establishment of this base. The Universities Space Research
Association (USRA) is one such consultant.

USRA is a consortium of 45 universities established by the National
Academy of Sciences [1]. In conjunction with NASA, USRA has
established the NASA/USRA University Advanced Design Program. There
are three primary goals of this program. First, to foster engineering design
education in US universities. Second, to supplement NASA's in-house
advanced mission efforts. Finally, to promote interest among engineering
students in the space program.

Through the Mechanical Engineering Design Projects Program at
The University of Texas at Austin, USRA and NASA have suggested
several design projects for the manned lunar base. One suggested project
for the Fall 1991 semester is the design of a Thermal Control System (TCS) |
for an Inflatable Lunar Habitat Module. This report presents a conceptual
design of this system.

This report contains four main sections. First, background

information on the lunar mission and design problems associated with



thermal control on the lunar surface are discussed. The design criteria,
project requirements, and design methodology are also presented in this
section. In the second section, alternative designs for subsystems of the
TCS are presented. The third section contains the feasibility study and
decision matrices employed to select the best alternative design for each
component of the TCS. In the final section of the report, a conceptual
design solution of the TCS is presented .

1.1 Background Information

1.1.1 Manned Lunar Base Mission. NASA has a long range goal of
constructing a fully equipped, manned lunar base on the near side of the
moon by the year 2015. The proposed lunar outpost mission will consist of
three phases: emplacement, consolidation, and utilization. The
emplacement phase, to be completed by the year 2003, places a habitat with
one year life support capabilities on the moon. Along with the initial
habitat, the emplacement phase delivers laboratories, airlocks, and any
required life support systems. The consolidation phase, to be completed by
2010, will expand the existing habitat. The expanded habitat will contain
crew quarters, science laboratories, medical facilities, and other facilities
necessary for long duration missions. Finally, in the utilization phase,
crew members will conduct experiments on the moon [2].

NASA has proposed the use of a spherical, inflatable module for the
habitat [3]. Various designs for this module have been suggested. One
such design is shown in Figure 1. This module is divided into five levels.
Each level is designated for specific activities. About one-third of the



" module is buried in the lunar surface and the rest is covered with a
radiation shield. The radiation shield is made of lunar soil called regolith
[2]. Apart from protecting the inhabitants from harmful cosmic radiation,
the shield acts as a means of passive thermal control. Heat transfer
between the module and the environment is minimized by the shield.
Consequently, a TCS is required to reject the heat generated within the

module by crew and equipment.
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1.1.2 Lunar Environment. The conditions of the lunar environment
are more extreme than the conditions on earth. Some of the major

characteristics of the lunar environment that hinder the design of a TCS



are presented below. Most sites of interest for the location of the base are
located near the equator. Therefore, these characteristics are for sites close

to the lunar equator [4].

1. The diurnal cycle of the moon is about 29.5 earth days.

2. The temperature of the lunar surface is about 111°C at midday
and -171°C at night.

3. There exists a rarified atmosphere (200,000 atoms per cubic
centimeter) on the moon whereas a dense atmosphere rich in
oxygen exists on the earth. Due to this rarified atmosphere, the
maximum solar irradiation on the lunar surface is 1371 W/m?2, as
compared to 1000 W/m2 on the surface of the earth.

4. The albedo (the percentage of solar irradiation reflected) of the
lunar surface is about 7% whereas the albedo of the earth is about
34%.

5. The gravity on the moon is 1/6 of the gravity on earth.

6. The lunar soil (regolith) has very low thermal conductivity
(between 0.7 and 1.5 mW/mK) and it is in the form of a fine powder
for the first 3 centimeters of the lunar surface. Due to these fine
regolith particles, there is a constant presence of lunar dust.

7. The lunar surface is subjected to micrometeorite impacts.

1.2 Design Problems

The characteristics of the lunar environment place some unique

demands on a thermal control system for a lunar habitat. During the 14



earth-day-long lunar day, heat rejection to the environment is a major
problem. Conduction to the lunar soil is one possible method of rejecting
the heat. However, due to the low thermal conductivity of the lunar soil,
conduction is an inefficient process of heat rejection. Due to the presence of
a vacuum, heat rejection by convection is impossible. Thus, thermal
radiation is the only mode of heat transfer to the environment. However,
radiation to the environment is also a problem. On the moon the radiator
must face either the sun, the lunar surface, or both. Consequently, the
temperature of the thermal sink is higher than the temperature of the heat
to be rejected. Moreover, due to extreme variation in lunar temperature,
the thermal system must reject heat to a sink with a widely varying
temperature.

Another major concern is the lunar dust kicked up during engine
blasts and surface operations. The dust coats radiator surfaces and
seriously degrades their emissive properties [4]. Also, the design of the
radiators is affected by micrometeorite activity.

Due to the high cost of transporting equipment to the moon, the TCS
must be designed such that its mass, volume, and power consumption are
minimized. The criteria for designing the TCS in a manned area are
significantly more stringent than those for unmanned modules or
payloads. There are strict redundancy, health, and safety requirements
that must be observed. For example, ammonia is not an acceptable
working fluid for the manned areas because it is toxic. Water is the only

known working fluid acceptable for manned areas [4].



1.3 Project Requirements

The design of the TCS is divided into three subsystems based on
function: heat acquisition, heat transport, and heat rejection. The first
project requirement is the design of a subsystem that acquires the excess
heat load. Alternative mediums of heat removal must be investigated. The
next requirement is the design of a subsystem that transports the heat load
to a location where it can be rejected. Finally, a subsystem to reject the heat

to either the environment or the lunar surface is required.

1.4 Design Criteria

1. The TCS must remove a heat load that varies with time.

9. The mass, volume, and power consumption of the TCS must be
minimized.

3. The TCS must be designed for peak thermal loads coincident with
end-of-life radiator properties. End-of-life radiator properties

refer to the absorptivity and emissivity of the radiator after a
specified period of time.

4. The TCS must be designed to reject low temperature waste heat
generated within the module to a thermal sink at a temperature of
up to 111°C.

5. The working fluids used in manned areas must be non-toxic.

6. The components of the TCS exposed to the lunar environment

must be adaptable to lunar dust and micrometeorite impacts.



1.5 Proposed Design Methodology

After defining the problem and identifying the project requirements,
the next step in the design process was to select a methodology to meet the
project requirements. First, the design team did background research on
the problem in order to generate a specification list. Next, the team divided
the design into several functions. To satisfy each function, alternative
designs of subsystems were created. Along with the alternative designs, a
feasibility study was performed on each alternative design. Using the
design criteria mentioned earlier as a basis for comparison of the
alternatives, decision matrices were used to select the most feasible design
of each subsystem. Next, the selected subsystems were combined to satisfy
the overall function. Finally, a conceptual design solution was created for
the overall system.

1.5.1 Specification List. Since there have been many proposed
designs for the inflatable lunar habitat module, the team designed the TCS
for a specific module. For example, the size and shape of the module, the
power system available, the number of inhabitants, and the type of
equipment within the module were determined. Such information was
obtained from NASA engineers and references 2 and 5. A thermal energy
balance was performed on the module to determine the total heat load to be
supplied or removed such that a specified temperature is maintained
within the module. Based on this information and the project
requirements, a list of specifications was developed. The specification list is

presented in Appendix Al.



1.5.2 Function Diagram. A function diagram for the TCS was
developed next. The function diagram divides the overall function of the
TCS into sub-functions. The functional division of the TCS is shown in

Figure 2.
TCS
]
Y Y
Heating Cooling
\ 4 I \ 4 I L 4
Active Passive Active Passive
|
 J 2 4
Acquisition Transport Rejection
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1.5.3 Alternative Designs. Alternative designs to satisfy each sub-
function were developed next. First, thermal control using passive means
was analyzed. Using this analysis, it was possible to estimate the
requirements of the active control system.

Alternative designs to satisfy the function of active control were
developed next. As shown in Figure 2, active control is divided into two

functions - heating and cooling. The cooling function is divided into three



sub-functions - heat acquisition, heat transport, and heat rejection. To
achieve heat acquisition and transport, several thermodynamic cycles were
investigated. To accomplish the function of heat rejection, radiation to the
environment and conduction to the lunar soil were researched.

Next, alternative designs to satisfy each sub-function were developed.
By combining the individual designs for each sub-function, alternative
designs to satisfy the overall function will be developed. A decision matrix
will be used to select the best alternative design.

1.5.4 Design Solution. A conceptual design solution for the chosen
alternative design was created next. Detailed calculations were done to
specify the performance of the TCS for a wide range of operating conditions.
Further aspects of the design, such as the design of a back-up system, were
discussed. Finally, recommendations for further work on the design of the

TCS were made.



II. Alternative Designs

2.1 Introduction

Before beginning the alternative designs, a specification list was
developed. These specifications provide a basis for all calculations
performed on the alternative designs. It is assumed that the module is a
sphere of diameter 16 m, with eight crew members [2]. For such a module,
it was determined that the internal heat load varies from 25 to 50 kW [6].
Since the team is designing for worst case conditions, it is also assumed
that the module is located at the lunar equator. Moreover, the TCS is
assumed to operate at lunar noon. For these conditions, the thermal
control system will be required to remove 50 kW of heat in order to maintain
the temperature within the module at 21°C [6].

The design team investigated two means of controlling the
temperature: active and passive thermal control. First, the team analyzed
passive control. A two meter shield of regolith is to be used to protect the
crew from cosmic radiation. As shown in Appendix A2, a two meter
radiation shield allows only 0.39 kW of heat out of the module during the
lunar night. Since this heat loss is negligible compared to the internal heat
load of 50 kW, it was determined that no heating is required. During the
lunar noon, the shield only allows 0.18 kW of heat into the module.
Therefore, no further passive control was required. Next, the design team

investigated active thermal control. As shown in Figure 3, active thermal
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control systems are divided into three subsystems: heat acquisition, heat

transport, and heat rejection.
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Figure 3. Heat Flow Through the TCS

2.2 Heat Acquisition Systems

The function of the heat acquisition is to absorb the heat generated

within the module such that a temperature of 21°C is maintained. This

heat must then be transferred to the transport system. A means of

11



controlling the humidity inside the module is also required. The design
team investigated three concepts for acquiring the heat generated by the
module and the crew.

2.2.1 Single Air-Loop System. As shown in Figure 4, the single air-
loop system consists of an air loop which is used to remove heat directly
from the equipment. The air loop is also used to dehumidify the air in the
module. To remove heat from the equipment, air is sucked through the
equipment racks. The duct carrying this air joins the main duct carrying
the return air from the module. The air in the main duct leaves the module
and enters a heat exchanger, transferring heat to the working fluid of the
transport system. Due to the humidity in the air, some condensation will
occur. The condensed water is directed to a storage tank.

The main advantage of this system is that no heat exchangers are
required for the purpose of heat acquisiton. However, the mass of this
gystem is very high because a considerably longer network of pipes is
required to acquire the same heat load as compared to a water loop. The
working fluid of the transport system is toxic and hence cannot be
circulated inside the module. Therefore, to transfer heat to the transport
system, the air must be transported out of the module. Hence, the power
required to operate the blowers is high. It is also difficult to make the
system redundant, since the additional set of ducts will greatly increase the

mass and volume of the system.
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222 Double Water-Loop System. This system consists of two water
loops, as shown in Figure 5. One loop is used to cool and dehumidify the air
within the module. The other loop removes heat from the equipment by

passing water through cold plates. The cold plates are stainless steel plates
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with a thickness of about 0.7 cm. Electronic equipment is mounted on top of
these plates, so that the heat generated by the equipment is absorbed by the
cold plates. Cold water is passed through the plates and removes the heat
absorbed by the cold plates. An intermediate water loop collects heat from
the condensing heat exchanger and the cold plate heat exchanger. The
heat is then transferred to the working fluid of the transport system. The
two-loop system has been proposed for Space Station Freedom. The two

loops are at 21°C and 2°C. The 21°C loop cools the equipment, while the 2°C

14



loop cools the air in the module. Two heat exchangers are required to
transfer the heat from the two loops to the working fluid of the transport
system.

An advantage of this system is that the heat load is distributed over
two loops. If a leak were to occur in one of the loops, part of the heat load
will still be removed. However, if the intermediate loop fails, none of the
heat load will be removed. Another disadvantage of the system is that its
mass is high, because an additional heat exchanger is needed to remove
heat from the cold plate loop.

2.2.3 Single Water-Loop System. This system consists of a single
pumped water loop travelling through the module, as shown in Figure 6.
Chilled water is used to first cool and dehumidify the air and is then
pumped through cold plates to remove heat from the equipment. After
leaving the cold plates, the heat gained by the water is transferred to the
working fluid of the transport system. In a typical single-loop system,
water cools the air at 20C. While cooling the air, the temperature of the
water increases. The water is then passed through the cold plates, where it
gains more heat. The temperature'of the water leaving the module is
typically 20°C.

The main advantage of this system is its low mass, compared to the
two-loop system. The only heat exchanger required in this system is the
heat exchanger linking the acquisition system to the transport system.
Another advantage of this system is that the working fluid of the transport
system absorbs heat from water at a higher temperature than the double-
loop system. Hence, the temperature lift of the transport system will be
lower if a double-loop system is used. A disadvantage of the system is that

15



the entire heat load is collected by a single loop and a malfunction in this

loop will cause the entire heat acquisition system to stop functioning.
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2.3 Heat Transport Systems

The function of the heat transport system is to make the acquired
heat available at a suitable location and temperature where it can be
rejected. The team developed three alternative heat transport system
designs. These alternative designs are the vapor compression system, the
vapor absorption system, and the metal hydride adsorption system. These
designs utilize either work or heat inputs to drive the thermodynamic
cycles.

The alternative heat transport systems are designed to transport 50
kW of heat from a temperature of -3°C to 111°C. The specified temperature
range is the worst possible case that the transport system has to operate
under. The low temperature of -3°C is due to the 2°C loop undergoing a 5°C
temperature drop at the heat exchanger linking the acquisition system to
the transport system. The high temperature of 111°C is the maximum
possible temperature to which the heat will be rejected. For each
alternative, operating conditions, mass and power requirements,
advantages, and disadvantages are presented in this section.

2.3.1 Vapor Compression Systems. A vapor compression cycle is
the most widely used method by which a refrigeration effect is achieved [7].
The most basic form of a vapor compression cycle is a single stage cycle, as

shown in Figure 7.

17



Heat rejected to radiators

Liquid bh44

Superheated

vapor
Condensor
Throttling
Compressor Work
input
gy Evaporator

Liquid/gas

EEX vapor

Heat from acquisition system

Figure 7. Sinele Stage Vapor.C ion Cyd]

This cycle comprises an evaporator, compressor, condenser, and

expansion device. The refrigerant enters the evaporator as a two phase

'liquid vapor mixture. In the evaporator, the refrigerant changes phase

from liquid to vapor as a result of heat transfer from the internal heat load

to the refrigerant. During the phase change of a fluid, high rates of heat

transfer occur between the fluid and the heat source at relatively low flow

rates. Furthermore, heat transfer during the phase change of a fluid

occurs at an almost constant fluid temperature [8]. The refrigerant is then

compressed adiabatically to a higher temperature and pressure at which

condensation occurs. As the refrigerant condenses, heat is transferred

from the refrigerant to the cooler surroundings. Since the refrigerant

18



changes phase, a large heat load is transferred to the surroundings at low
flow rates and constant temperature. The refrigerant then enters an
expansion valve and expands to the evaporator temperature and pressure.

The performance of a single stage vapor compression system using
Refrigerant 11 as the working fluid is evaluated in Appendix B1. To
transport a 50 kW heat load from -3°C to 111°C, external work of 33.3 kW is
required. The mass of the system is 176 kg for 50 kW of heat transported.
The Coefficient of Performance (COP), a measure of the cooling capacity per
unit external energy required, is 1.5.

Due to its high COP, the vapor compression system is the most widely
used refrigeration system for terrestrial applications. Therefore, its
performance in lunar applications can be more accurately predicted than
any other cycle. Furthermore, the system is easy to maintain and repair.
Maintenance and repair become important factors as the life of a system
increases. The vapor compression system easily meets redundancy
requirements. In case of a power failure, an entire backup system is not
required. The only component requiring a backup is the compressor.
Hence, employing a backup system will not greatly affect system mass. The
components of this system are compact and occupy limited volume. These
systems usually have higher COPs than heat driven refrigeration cycles.

The main disadvantage of vapor compression systems is the high
power requirement. Furthermore, operating this system requires the use
of rotating machinery. Such components will have to be replaced more
frequently than components having no moving parts.

Since a wide temperature range must be spanned, the use of a single

working fluid will cause extremes in pressure. Such extremes in pressure
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can be avoided if two fluids are chosen for reasonable evaporation and
condensation pressures in two temperature ranges. A major advantage of
a two stage system is that the working fluids in the two stages need not be
the same. Such a system is shown in Figure 8.

As shown in Appendix B1, an example calculation was performed
using Refrigerant-11 and Refrigerant-12 as the working fluids. To
transport a 50 kW heat load, 23.3 kW of external work is required. The
mass of the system is 275 kg for 50 kW of heat transported. The COP of this
system is 2.15.

The advantages and disadvantages discussed for single stage vapor
compression systems apply for two stage systems. The primary advantage
of the two stage cycle is that it requires 30% less power than the single stage
cycle. An added advantage is that the system can operate at two levels.
Hence, if the system is required to cool a smaller load, one of the
compressors can be turned off. Thus, power can be conserved. Due to the
lower power input, the total heat to be rejected is lower than for a single
stage system. Consequently, the radiator mass will be lower. The two stage
system has more moving parts than the single stage system. Therefore, the
two stage system has a higher mass, is less reliable, more complex, and

requires more maintenance than the single stage system.
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2.3.2 Vapor Absorption Systems. One method of transporting heat

from a low temperature to a high temperature is to drive a thermodynamic

cycle with external heat. The most common heat driven cycle is the

21



absorption cycle. The basic elements of a vapor absorption system are a
condenser, evaporator, absorber, desorber, and generator, as shown in
Figure 9.

An absorption cycle uses two working fluids - a refrigerant and an
absorbant. The cycle is based on the principle that less power is required to
compress a liquid solution than a vapor. The evaporator and condenser
function in the same manner as in the vapor compression cycle. However,
the compressor is replaced by the absorber, liquid pump, and generator.

The refrigerant enters the evaporator as a liquid. Heat is transferred
from the acquisition system to the refrigerant. Due to this heat transfer,
the refrigerant evaporates at constant temperature. The refrigerant then
enters the absorber, where it condenses and reacts with the absorbant to
form a solution. In the process, the heat of reaction and heat of
condensation are given off. Hence, the radiator must reject this additional
load. The solution is then raised to a higher temperature and pressure by
using a pump. The solution then passes through a heat exchanger to the
generator. In the generator, the temperature of the solution is increased by
energy supplied by an external heat source. The solute refrigerant is
vaporized, producing a weak liquid solution. A two phase flow of
refrigerant and solute leaves the generator and the two phases are
separated by gravity. The weak solution is returned to the absorber through
a heat exchanger. The weak solution returning from the generator
transfers heat to the strong solution travelling to the generator. The
refrigerant vapor is condensed, causing the heat to be transferred out of the

system at a high temperature. The condensed vapor returns to the
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evaporator through an expansion valve, and heat transport process is

repeated.
Heat rejected to
External heat input radiator fluid
Superheated vapor
— | Generator Condensor
Saturated
liquid
Heat
exchanger Throttling é
valve
Throttling
valve
Pump
4
Saturated vapor
Absorber ur. vap Evaporator
Heat of reaction + Heat of condensation Heat from
acquisition system

Figure 9. Vapor Absorption Cycle
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An analysis of the performance of the vapor absorption cycle is
presented in Appendix B2. To transport a 50 kW heat load from -3°C to 111°
C, an external heat input of 86 kW is required. The mass of the system is
about 500 kg. The COP of this system is 0.86.

The primary advantage of a vapor absorption is that it is heat driven.
If waste heat from a nuclear plant is available, the system can be run
without any added mass or power. A further advantage of this system is
the absence of moving parts, increasing the life of the system. A
disadvantage of this system is its high mass, since the absorber, generator,
and heat exchanger are considerably heavier than a compressor in a vapor
compression cycle [9]. A further disadvantage of this cycle is its low COP.
Low COP implies that the radiator must reject a high load and thus have a
large area. If a redundant system is required, the entire system will have
to be replaced. Another problem is the separation of the vapor and liquid
phase in low gravity.

2.3.3 Metal Hydride Heat Pump Systems. Certain metals and alloys
can store large quantities of hydrogen. The hydrogen is stored within the
intermetallic lattice structure. Within this structure, a maximum of six
moles of atomic hydrogen can be stored in each mole of alloy. The
concentration of stored hydrogen depends on the temperature and pressure
of the metal hydride systems [7]. Over a wide range of hydrogen
concentrations, pressure remains constant. This effect is similar to a
phase change of a solid or fluid. As in the case of a solid or fluid, an energy
change is associated with the transition of an alloy free of hydrogen to an
alloy rich in hydrogen. This energy change is the heat of adsorption. For a

given mass, the energy change associated with the heat of adsorption is up
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to nine times greater than the energy change associated with the
vaporization of water [7].

The ability of a metal to adsorb large quantities of hydrogen and the
associated heat of adsorption can be exploited to construct a heat pump. A
schematic of the metal hydride system is shown in Figure 10. Two vessels
containing different metal hydride alloys are connected by a pipe. Initially,
all the hydrogen is stored in vessel A. As shown in Figure 11, the cycle
consists of four stages. In the first stage, a high temperature source of
external heat is applied to vessel A with valve closed. During this stage, the
temperature of vessel A increases. In the next stage, the heat is still
applied to vessel A, but the valve is now opened. Hydrogen desorbs from
vessel A and flows to vessel B where it is adsorbed. As vessel B adsorbs
hydrogen, it is heated to a temperature at which the pressure of vessels A
and B are equal. In stage three, vessel A is cooled to its original
temperature by transferring energy to a heat sink. In the final stage stage,
the valve is opened and hydrogen desorbs from vessel B and flows to vessel
A. The removal of hydrogen from vessel B causes a pressure difference
between the two vessels. To maintain pressure equilibrium, vessel B is
cooled. At this point, energy is delivered to the low temperature source to
complete the desorption process. This energy removed from the low
temperature source is the refrigeration effect.

An example calculation was performed on this system, as shown in
Appendix B3. It was determined that if the system is at an initial
temperature of 27°C, 417 kW of external heat is required to transport a 50
kW load from 3°C to 111°C. The mass of the system is estimated to be 1475
kg. The COP of this system is 0.24.
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The primary advantage of this system is that it is a heat driven cycle.
If waste heat from a power plant is available, the system can be operated
without work input. Therefore, no rotating machinery is used in this
system. Hence, the life of the system is longer than a cycle with
components having rotating machinery.

The main disadvantage is that the technology of metal hydride
systems is not fully developed and is still in the experimental stage [7].
Predicting the operation of a metal hydride system under lunar
environmental conditions is very difficult. A further disadvantage is the

low COP of the system. Hence, a large quantity of heat is required to
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remove 50 kW of heat. Consequently, the total heat to be rejected is higher,
resulting in an increase in radiator area. Finally, the entire process is not
continuous. Therefore, at least two metal hydride systems will be required

to operate in parallel.
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Figure 11. Four Stages of a Metal Hydride Cycle
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24 Heat Rejection Systems

Heat acquired from the module by the transport system can either be
conducted to the lunar soil or radiated to space. Due to the extremely low
thermal conductivity of the lunar soil, heat rejection to the soil is not a
feasible solution [6]. Therefore, alternative ways of heat rejection to the
environment were considered.

The lunar environment places some unique demands on the design
of a heat rejection system. The radiator must be designed to reject heat to a
high effective sink temperature created by high solar irradiation and infra-
red (IR) flux from the hot lunar surface. Furthermore, the radiator must
be adaptable to micrometeorite impacts and lunar dust. Finally, the weight
of the radiator must be minimized.

In accordance with these functional and structural constraints, the
design team investigated four types of radiator designs. These alternative
designs include the flat plate radiator, parallel plate radiator, liquid droplet
radiator, and reflux boiler radiator. These alternatives are described in
this section of the report. For each alternative, the operating principle and
the extent to which it meets the design criteria are discussed. The effective
sink temperature, heat rejection capability, and radiator mass are also
presented for each alternative. To analyze the performance of each
radiator, certain assumptions were made. First, it is assumed that the
heat transport system transfers 50 kW of heat from the module to the
radiator. It is also assumed that the heat load is raised to a temperature

such that the radiator surface temperature is 111°C.
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2.4.1 Flat Plate Radiators. The flat plate radiator uses a flat surface
to reject heat to the environment. A fluid is passed through the radiator.
In doing so, heat is transferred from the fluid to the radiator by forced
convection. Two possible orientations of the flat plate were investigated -
horizontal and vertical. Figure 12 and Figure 13 show these orientations.
The bottom surface of the horizontal plate is insulated from the lunar
surface. Therefore, the radiator surface only intercepts the solar
irradiation. The radiating surface of the vertically oriented plate is aligned

east-west. As a result, the radiator surface receives minimal solar

Solar irradiation

Radiator surface

Lunar surface
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irradiation. However, the vertical plate is partially exposed to radiation
from the lunar surface. Hence, it receives IR flux emitted by the lunar
surface and the solar irradiation reflected from the lunar surface.

Because each radiator orientation is subjected to different incident
radiation, the effective sink temperature varies with orientation. In
addition, the effective sink temperature varies with time because the
intensity of incident radiation varies with time of day. Figure 14 shows the
variation of effective sink temperature with time for both orientations of the
flat plate. Because the effective sink temperature varies with time, heat

rejected by the plates will also vary with time. Figure 15 shows the

30



variation of heat rejected per unit area of radiator surface. Furthermore,
this variation is shown for two different radiator temperatures. The high
and low temperatures refer to the operation of the radiator with and
without a transport system respectively. Appendix C1 contains the
assumptions made and equations used to generate the graphs in Figures 14
and 15. Appendix C1 also contains the mass calculations for both types of
flat plate radiators
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Flat plate radiators have several advantages and disadvantages. The
horizontal radiator has a low sink temperature of 5°C at lunar noon. The
corresponding sink temperature of the vertical radiator is 49°C.
Consequently, the horizontal radiator can reject more heat per unit area

than vertical radiators. However, the vertical radiator provides twice the
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area for heat transfer as compared to horizontal radiators for a given mass
and volume. Vertical radiators also have a lower specific mass (14.4 kg per
kW rejected) than horizontal radiators (20 kg per kW rejected).

Heat is gained by flat plate radiators when operating at -3°C at lunar
noon, as shown in Figure 12. Therefore, flat plate radiators require the use
of a heat transport system to raise the temperature of the heat load at the
radiator. Because the fluid undergoes a temperature drop, the radiator
surface will not be isothermal. Therefore, such radiators have a low fin
efficiency of about 70%. The fin efficiency decreases with increasing length
of radiator. Other disadvantages of these radiators include the degradation
of radiator surface due to lunar dust and the possibility of failure due to
micrometeorite impact. An important advantage of these radiators is the
simplicity of their design.

2.4.2 Parallel Plate Radiator. The parallel plate radiator consists of
two flat horizontal plates separated by a specified distance, as shown in
Figure 16. The bottom plate is a horizontal flat plate radiator. The top plate
is aligned horizontally to completely shade the radiator from solar
irradiation.

Figure 17 shows the various heat fluxes incident on the two plates.
The upper surface of the top plate absorbs a large portion of the solar
irradiation. The bottom surface absorbs most of the IR flux and the
reflected solar irradiation from the lunar surface. Due to the presence of
the top plate, the radiator surface is subjected only to radiation emission
from the lower surface of the top plate. As a result, the effective sink

temperature for the radiator is reduced significantly.
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In addition to shading the radiator, the top plate also acts as a heat
collector. Preliminary calculations showed that up to 1100 W/m? of heat can
be collected from the top plate. These calculations are presented in
Appendix C2. This appendix also contains calculations performed to find
the effective sink temperature, heat rejection capacity, and mass of this

design.
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This alternative has many advantages. The effective sink

temperature is -103°C, which is significantly lower than for flat plate

radiators. Because the sink temperature is lower than -3°C, this radiator
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can be used without the aid of a heat transport system. Furthermore, the

presence of the top plate reduces the probability of a meteorite striking the

radiator and exposure of the radiating surface to lunar dust. Finally, the

top plate acts as a heat collector. The heat acquired can be used to drive a

heat transport system, thus decreasing the power requirements of the TCS.

The primary disadvantage of this system is that the top plate

significantly increases the mass of the radiator. The specific mass was

found to be 30 kg per kW of heat rejected, including the mass of the top

plate. This value is about twice the specific mass of a flat plate radiator.

Another disadvantage of parallel plate radiators is that they are more

complex to design than a flat plate radiator.
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2.4.3 Reflux Boiler Radiator. A reflux boiler is an evaporation-
condensation device used for transferring and rejecting heat. A reflux
boiler is a closed tube or chamber, with a fixed volume of working fluid.
The tube consists of three sections - the evaporator, the adiabatic region,

and the condenser (see Figure 18).
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Heat removed from the module by the transport system is applied at
the evaporator section. The heat transfer to the fluid vaporizes the fluid in

the evaporator section. The resulting difference in pressure drives vapor
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from the evaporator to the condenser. The fluid condenses, releasing the
latent heat of vaporization to the walls of the tube. Aided by gravity, the
condensed liquid falls back to the evaporator along the sides of the tube.

“ Hence, the reflux boiler continuously transports the latent heat of
vaporization from the evaporator to the condenser.

An analysis of the reflux boiler radiator was performed, as detailed
in Appendix C3. The specific mass of this radiator is 10.6 kg per kW of heat
rejected. The effective sink temperature of this radiator is 49°C, assuming
the reflux boiler tubes are embedded in a vertical flat plate.

Since condensation is a constant temperature process, the walls of
the reflux boiler tube are nearly isothermal. An isothermal surface
ensures that the efficiency of the radiator is maximized. A typical
efficiency of this radiator is about 95%. Furthermore, the efficiency
decreases by a small amount as the radiator length increases. Another
advantage of condensation is that heat transfer through a fluid is much
higher. The amount of heat that can be transported in a reflux boiler is
usually several orders of magnitude higher than that which can be
transported as sensible heat by conduction or convection. The reflux boiler
can therefore transfer a large amount of heat with a small unit size.

The performance of the reflux boiler radiator is limited by the dry-out
limit. If the liquid in the reflux boiler is too small for the heat input, the
condensate returning to the evaporator will dry out before reaching the
evaporator. Hence, the process becomes discontinuous. A further
disadvantage is the difficulty of starting the evaporation process. The
velocity of the vapor is also limited by the sonic limit and the entrainment

limit. The sonic limit must not be exceeded in order to ensure that thermal

37



gradients do not occur along the tube walls. The entrainment limit must be
avoided to ensure that the vapor does not exert too much drag on the
condensate. If the entrainment limit is exceeded, the condensate will be
unable to return to the boiling section.

2.4.4 Liquid Droplet Radiator. Unlike the three types of radiators
discussed, the liquid droplet radiator (LDR) uses a liquid surface to radiate
heat to the environment. The heat to be rejected is first transferred to a
liquid. The liquid is then injected into the environment as a stream of
small droplets. The droplets are then exposed to the environment for a
specific time, during which they are cooled by radiating heat to the
environment. The cooled droplets are collected and re-used for the same
purpose. Figure 19 shows the layout of an LDR.

The most important components of an LDR are the generator, liquid
sheet, and collector. The generator is a pressurized plenum with an array
of nozzles. Liquid jets form at the exit of the nozzles. Due to surface tension
instabilities , the jets disintegrate into small droplets. This process of
droplet formation is shown in Figure 20. A similar concept is used in ink-
jet printers [10].

Although wider spacing between droplets improves the heat transfer
rate, droplets formed by the generator are closely packed to minimize the
size of the generator. Consequently, droplets travel as a sheet of liquid
which is almost opaque (see Figure 21). By orienting the droplets as a
sheet, the emissivity of the liquid sheet differs from that of an individual
droplet. The emissivity of the sheet is a function of the liquid properties, the
size of the droplets, and the spacing between droplets. Furthermore, the

surface area available for radiation is the surface area of the sheet.
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The sheet has a rectangular cross-section as opposed to a more obvious
circular cross-section. This geometry is selected to reduce the effective sink
temperature. Moreover, the sheet converges as it approaches the collector.
This sheet orientation is chosen to keep the size of the collector small. The
collector is a rotating drum, which forms the droplet stream into a

continuous liquid by centrifugal acceleration [10].

Collector end

\_ of sheet
Liquid droplets

Generator end
of sheet

Preliminary calculations were done to estimate the heat rejection
capability of this design. First, the effective emissivity of the liquid sheet
was determined [11]. Next, an energy balance was performed on the sheet
to calculate the effective sink temperature of the radiator. The next step
involved the assessment of the time that the sheet should be exposed to the
environment to cool from 111°C to 87°C [8,10]. Using this transit time, sink
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temperature, and emissivity of the sheet, the area of liquid sheet required to
reject 50 kW of heat at 111°C was calculated. Next, the sheet area was used
to find the width of the sheet at the generator and collector. These widths
were used to estimate the size of the generator and collector. Finally, using
the size of the liquid sheet, generator, and collector, the mass of the LDR
was determined. The specific mass of the LDR is 6.2 kg per kW rejected.
These calculations are summarized in Appendix C4.

The greatest advantage of the LDR is its low specific weight. The use
of liquid droplets as the radiation medium provides a large surface to mass
ratio. Moreover, it is easier to transport an LDR to space than a flat plate or
parallel plate radiator. The 212 m? required to reject 50 kW of heat can be
stored in 0.07 m3 of liquid plus the volume of the generator and the
collector. Finally, the LDR is less vulnerable to damage caused by
micrometeorite impacts than solid surface radiators. The LDR possesses
immunity from single point failure due to micrometeorite impact. A study
was conducted by Mattuk and Hertzberg to evaluate the mass lost by the
liquid sheet when struck by a micrometeorite. Mass loss due to deflection
and evaporation of droplets was considered. The study concluded that the
mass loss due to meteorite impacts is negligible [11].

Apart from its many advantages, the LDR has many disadvantages.
Loss of mass of the liquid due to vaporization over time is significant.
Another disadvantage is the effect of gravity on the droplets. To account for
this problem, the collector will have to be placed below the generator.
Furthermore, the liquid is susceptible to contamination by lunar dust.

Other disadvantages include complexity of design and operation.
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2.5 Summary of alternative designs

The single air-loop system requires no heat exchangers within the
module for the purpose of heat acquisition. The mass of this system is
high, due to the long network of ducts required. The single water-loop
system has the lowest mass and power requirements. However, a
redundant system is difficult to incorporate. In a double water-loop system,
the heat load is distributed over two loops. The mass of this system is high,
since an additional heat exchanger is required inside the module.

Important results of the alternative heat transport systems are
presented in Table I. The vapor compression cycle has the lowest power
requirement and is the lightest in weight. The absorption and the metal

hydride cycles have the advantage of being driven by heat.

Table I
Summary of Heat Transport Systems

Vapor Compression
Vapor Metal

Single stage} Two stage Absorption Hydride
Mass (Kg) 175 275 500 1450
Heat Input (kW) 0 0 86 450
Work Input (kW) 33.3 23.3 0 0
Ccop 15 2.15 0.58 0.22
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Table II presents a summary of the important results of the
alternative heat rejection systems. The parallel plate radiator has the
lowest sink temperature, but possesses the maximum mass. The liquid
droplet radiator has the lowest mass. However, the design and operation of
a LDR is complicated. Reflux boilers have a relatively low mass but also
involve complex design. The flat plate radiators are the simplest to design
and construct. However, flat plate radiators are heavier than LDRs and

reflux boilers.

Table II
S f Heat Rejection Syst

Flat Plate Parallel| Reflux | Liquid

Plate | Boiler |Droplet

Horizontal | Vertical

Siqk Temperature 5 49 -103 49 49
(in Celcius)

Specific mass 20 144 0 10.6 6.2
(in Kg / kW)
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IIL. Feasibility Study

After completing the alternative designs, the team determined the
the feasibility of each alternative. With the use of a decision matrix, the
team compared the alternative designs in an organized and logical fashion.
The decision matrices use the design criteria as a basis for comparing
alternative designs. Appendix D contains the decision matrices for each of
the alternative subsystems. The team determined the order of importance
of the design criteria based on a literature review of the design of systems
for space applications. After the order of importance was established,
weighting factors were assigned to each criterion. Next, the team rated
each of the alternative according to how well the alternatives fulfilled the
design considerations. Numerical values were assigned based on how well
each alternative satisifies the design criteria. The numerical values
ranged from zero to a hundred, where hundred is the highest rating.
These ratings were based on both qualitative and quantitative comparisons.
The rating scale is shown in Appendix D.

Table III gives a summary of the decision matrices results. The
single water loop system was ranked the highest of the heat acquisition
system alternatives. This system has a low mass and power requirement.
Furthermore, this system enables a lower temperature lift of the transport
system. The two stage vapor compression cycle was ranked the highest of

the transport system alternatives. This alternative has a low power
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requirement, reasonably low mass, and is the most adaptable to
temperature control. The highest ranked heat rejection system was the
reflux boiler radiator. This alternative has a low mass and volume due to

its high fin efficiency.

Table III
Results of Feasibility Stud
Acquisition System | Transport System Rejection System
Alternative | Rating [Alternative | Rating |[Alternative | Rating

. Single Horizontal

Air loop 64 stage vapor 86.6 plate 7
compression

Single Two Vertical

water 84.75 stage vapor 88.6 plate 7.8
loop compression
Double Vapor Parallel
water 76.5 absorption 72.6 plate &
loop

Metal
— - hyilride 58.4 E:ifll;x 79.3
Liquid
sk kokok Ak k ok *kokokk d:'i)lgiet 75.5

45



IV. Design Solution

After completing the feasibility studies for each alternative
subsystem, the team began creating a design solution. The thermal control
system solution consists of a single water-loop acquisition system, a two
stage vapor compression transport system, and a reflux boiler radiator heat
rejection system. This section of the report presents a conceptual design
solution of each of these subsystems. In addition, these subsystems are
combined such that the overall function of the TCS is satisfied.

This section of the report is divided into five subsections. First, the
overall design process is explained. The next three sections discuss the
design solution for the acquisition, transport, and rejection systems.

Finally, the design issues of the overall system are presented.

4.1 Design Process for Overall System

A schematic of the overall TCS is shown in Figure 22. The
methodology used to design the subsystems of the TCS for the varying
conditions within the module and of the environment is presented below.
First, the design team identified the heat energy producing components
within the module. From such heat producing components, the maximum
and minimum heat loads to be removed by the acquisition system were

calculated. The sensible and latent heat loads were also calculated. Hence,
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amount of heat that must be removed by air and the amount to be removed
by water were determined. Based on the maximum heat load, the air and
water loops were designed such that the temperature within the module is
maintained between 18°C and 24°C. The design team calculated that the
temperature of the water from the heat acquisition system enters the heat
exchanger linking the acquisition system to the transport system at 25°C
and leaves at 7°C.

Next, the heat transport system was designed. To minimize power
consumption, the team decided to use a stagewise operation. In a
stagewise operation of a two stage vapor compression system, three
operating conditions are possible. Either no stages, one stage, or two stages
are operated at any given time.

Due to the stagewise operation of the vapor compression system, the
radiator must operate at three different temperatures. After determining
these temperatures, the radiators were designed to reject the maximum
heat load at each of these temperatures.

A variable heat load or sink temperature will cause a thermal and
fluid imbalance in the TCS. Moreover, the temperature in the module will
fluctuate beyond the specified range. Hence, a means of controlling the
system for variable operating conditions was considered next. The
acquisition and transport systems were adapted for variable heat loads.
Apart from being subjected to variable heat loads, the radiators are exposed
to a varying sink temperature. A control system that accounts for these two
variable conditions was designed. Finally, overall system design issues
such as the adaptability of the TCS to the lunar environment and the
placement of the TCS were addressed.
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4.2 Acquisition System Design Solution

The function of the heat acquisition system is to collect the heat
generated within the module and transport it to the evaporator of the
transport system. Heat inside the module is generated by the crew and by
equipment. This heat is generated in two forms: sensible and latent.
Sensible heat is the heat produced by equipment and by humans, resulting
in an increase in the air temperature. Latent heat is the heat added to the
air due to the evaporation of water, resulting in an increase in the air
humidity. The acquisition system must therefore remove both the sensible
and latent heat loads, to ensure that a comfortable temperature and
humidity is maintained within the module [12]. Furthermore, heat
generated by the TCS must also be removed by the acquisition system.

This subsection of the design solution discusses four main aspects of
the acquisition system design. First, the operating parameters of the
system are defined. Next, the components of the acquisition system are
designed. The operation and control of the system are discussed next.
Finally, the mass and power requirements of the acquisition system are

presented.

4.2.1 Operating Parameters

The primary heat energy producing elements are the mission
control, science experiments, life support system, TCS, and humans. After
the heat energy producing elements within the module were identified, it

was determined that the acquisition system was required to collect a
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maximum heat load of 89 kW. 74 kW of heat is generated within the
module and the remaining 15 kW is generated as heat by the TCS when
operating at full load. The minimum heat load was determined to be 12
kW, assuming that the entire crew is outside the module and only the
mission control system and life support system are in operation. The
detailed heat load calculations are presented in Appendix E1.

The acquisition system is designed such that part of the heat load is
collected by the cold plates and part is collected by the internal air loop. To
determine the fraction of the heat load that the air loop must collect,
ventilation requirements were considered. For adequate ventilation of the
module, five air changes per hour are required. To meet this requirement,
the entire volume of air within the module must pass through the life
support system and the air conditioning unit five times per hour. Based on
this information, a volumetric flow rate of 3 m3/s was calculated. From
psychrometric charts, it was determined that the air must be cooled to
12.7°C to remove the latent and sensible heat loads. The heat rejected by the
air to the chilled water is 37 kW. Thus, the cold plate water loop was
designed to remove the remaining 37 kW, as shown in Appendix E2.

4.22 Design of Components
Figure 23 shows the entire heat acquisition system. The major
components of the heat acquisition system are the water loop and the air

loop. The design of the two loops is discussed in this section.
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4.2.2.1 Water Loop. The heat acquisition system consists of a single
pumped water loop which is first used to cool and dehumidify the air inside
the module. The water is then passed through cold plates to absorb the heat
generated by the equipment.

Cold plates are metallic plates attached directly to equipment inside
the module. This equipment is placed on racks as shown in Figure 24.
Cold plates are used because less energy is required to remove heat directly
from its source than to remove heat after it has been dissipated into the air.

In addition, to remove a given load, the power required to pump water
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through the cold plates is less than the power required to circulate air
through the equipment. The team assumed an average plate surface area
of 1500 cm?2 and a thickness of 0.6 cm. The average heat flux from the
electronic equipment is 1 W/cm2 [13]. Therefore, each cold plate collects an
average of 1.5 kW of heat. The cold plate network is arranged in parallel so
that the temperature of the water entering the cold plates is fixed at 14.5°C
and the temperature of the water leaving the cold plates is 22°C. This
temperature range was selected to prevent the water vapor in the air within
the module from condensing. The cold plates are placed on levels 0, 3, and
4, since it was assumed that most of the heat producing equipment will be
placed on these levels. The calculations performed to design the
components of the water loop are shown in Appendix E3.

Since equipment will be placed on the cold plates, the plates are
required to have a high strength. Furthermore, the plates must have a
high thermal conductivity because they remove heat from the equipment by
conduction. Therefore, stainless steel was chosen as the material for the
cold plates. The pipes of the water loop are made of a titanium alloy
consisting of 6% aluminum and 4% vanadium [13]. This material is used
because it is lighter than steel and has a higher strength. Another reason
for using titanium is that its thermal conductivity is three times lower than
steel. A low thermal conductivity is desirable in piping because the
temperature of the fluid in the pipes must not be influenced by the
surrounding temperatures.

4.2.2.2 Air Loop. The air loop consists of 3 main ducts. The main
ducts extend from the air handling unit in level 0 to level 5, decreasing in

diameter at every level, as shown in Figure 25. The diameter of each main
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duct at level 0 is 42 cm, decreasing to a diameter of 20 ¢cm at level 5. This
shape and size of the main ducts was selected to account for the reduction
in volumetric flow rate of air from level 0 to level 5. At each level, two
branch ducts are attached to each main duct, as shown in Figure 26.
Therefore, six branch ducts are located on each level 60° apart. This

configuration of the branch ducts was chosen such that air will be
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circulated from the outer periphery into the core of the module. If air is
passed through ducts at high velocities, the noise of the system increases.
In order to keep the noise of the system low, an air velocity of 7.6 m/s was
chosen for the main ducts and 6.1 m/s for the branch ducts [14]. Appendix
E4 presents detailed calculations performed for the flow requirements and
the duct sizes. This analysis was used to find the duct size and mass flow

rate in every air duct within the module.

Branch | Module

duct

Level 5

' Air handling
Main supply duct unit
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Fieure 25. Side View of Ducti
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423 System Operation and Control

4.2.3.1 Designing for Maximum Heat Load. At worst case operation,
the acquisition system must collect 89 kW of heat. Chilled water leaves the
evaporator of the transport system at 7°C and a mass flow rate of 1.18 kg/s.
The water is passed through the air handling unit in the module. In this
unit, air is blown over the chilled water coils. Air enters the unit at a
temperature of 22.7°C and is cooled to a temperature of 12.7°C to remove the
latent and sensible heat loads. Before the air enters the unit, it passes
through the life support system. The life support system removes the

carbon dioxide from the air and revitalizes it with oxygen. The sensible and
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latent heat loads rejected by the air loop to the water loop are 34.8 and 2.15
kW respectively. The moisture in the air that condenses due to this cooling
process is collected in a storage tank and returned to the life support system
for purification and recirculation.

The heat transfer within the air handling unit increases the
temperature of the water from 7°C to 14.5°C. The volumetric flow rate of air
required to reject the latent and sensible heat loads was calculated to be 3.06
m3/s.

After cooling and dehumidifying the air, the water at 14.5°C is then
pumped through cold plates located on levels 0, 3, and 4 [15]. The mass flow
rate of the water passing through each cold plates is 0.047 kg/s. The cold
plates acquire 1.5 kW from the equipment which is mounted on top of the
cold plates. During this process, the temperature of the water rises from
14.5°C to 22°C. The water at 22°C then leaves the module and enters the
shack where the TCS is located. The air within the shack rejects 15 kW of
heat to the water, increasing the temperature of the water to 25°C. Water at
this temperature and a mass flow rate of 1.18 kg/s enters the evaporator of
the transport system. Appendix E5 contains calculations done to determine
the operation of the acquisition system.

4.2.3.2 Designing for Variable Heat Loads. To acquire the minimum
heat load of 12 kW, the flow of water through the cold plates is shut off and
only the air handling unit is operated. To acquire 12 kW of heat, the
required air flow rate is 1.06 m3/s. To maintain the temperature of the
water entering the evaporator at 25°C, the mass flow rate of the water is

reduced to 0.16 kg/s. The mass flow rate is varied by changing the speed of
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the pump. Calculations to estimate the operation of the acquisition system
for variable heat loads are also presented in Appendix ES5.

To control the temperature within the module, a bypass valve is used.
This valve is controlled by a thermostat located inside the module. When
the heat load varie/s, so does the temperature within the module. The
thermostat senses this change in temperature and adjusts the bypass valve

such that a fraction of the air bypasses the air handling unit [16].

424 Mass and Power Requirements

The mass of the system was calculated by considering the air ducts,
the cold plates, cold plate plumbing, and the working fluid. Based on the
heat load that the system is required to acquire, the size of each major
component was determined. The total mass of the acquisition system was
estimated to be 1148 kg, as shown in Appendix E6. Table IV summarizes
the results of the mass analysis of the acquisition system. As shown in
Appendix E4, the power required to operate the acquisition system is 6.83
kW.

4.3 Transport System Design Solution

After designing the acquisition system to remove the internal heat
load from the module and the TCS, the team identified the conditions under
which the transport system is required to operate. Each component of the
transport system was then designed to operate within such condftions.

Next, working fluids that operate safely and efficiently under the specified
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conditions were selected. Finally, the team calculated mass and power

requirements for the transport system.

: Table IV
Mass Estimate of Heat Acquisition Syst

Components Mass (kg)
Ducting 797
Piping 76
Cold plates 169
Air handling unit 106

Total 1148

4.3.1 Operating Conditions

As mentioned in the design process, a stagewise operation of the
vapor compression system is used as shown in Figure 27. During the lunar
night, the sink temperature remains at -189°C. Since this temperature is
much lower than the temperature of the waste heat to be rejected, heat can

be rejected without the aid of the vapor compression system. Hence, the
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system was designed such that both stages are bypassed during lunar
night. If both stages are bypassed, the refrigerant leaves the first stage
evaporator and transfers heat to the radiator fluid at 0°C. Therefore, the
temperature of the radiator was determined to be -10°C. For this radiator
temperature and a sink temperature of -189°C, the radiator area required to
reject the maximum internal heat load was calculated using the radiation

equation
q = e0A(T4154 - T4gink)

where € is the emissivity of the radiator surface, ¢ is the Stefan-Boltzmann
constant, A is the radiator area, Tpaq is the radiator temperature, and
Tgink i the sink temperature. The calculated radiator area is 345 m2.

This area is the minimum area required for night operation without the aid
of a vapor compression system. Since the radiator area must be

minimized, the team decided to use the radiator area calculated for night

operation.
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Using this area, the system operation at lunar noon was considered.
At lunar noon, both stages of the vapor compression system will be
operating. The total heat to be rejected is the sum of the internal heat load,
the work done by the compressors on the refrigerant, and the heat
generated by the TCS. Using the radiator area of 345 m2, the sink
temperature of 50°C at lunar noon, and the maximum heat load of 126 kW
to be rejected, the temperature at which the radiator must operate at lunar
noon is 98°C. To obtain this radiator temperature, the refrigerant must
leave the second stage at 110°C. Hence, the maximum temperature lift of
the heat transport system is 110°C. Since both the maximum and the
minimum temperatures of the transport system were known, the
corresponding pressures were determined. Using these pressures, the
interstage pressure and temperature were calculated. Thus, the operating
parameters of the transport system were defined, as shown in Appendix
F1.

From the heat load calculations, it was determined that the vapor
compression system must transport an internal heat load ranging from 12
to 74 kW. HoWever, the system must also transport the work done on the
fluid by the compressors and the heat generated by the compressors.
Depending on the number of stages in operation, the heat generated by the
compressors and the work done on the fluid vary. Therefore, the
maximum and minimum heat loads to be transported depend on the
number of stages in operation, as determined in Appendix F1. Figure 28
shows the maximum and minimum heat loads to be removed for stagewise
operation. The maximum possible load that the vapor compression system

is required to handle is 126 kW, when both stages are in operation and the
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internal heat load is maximum. The minimum possible load is 12 kW,

when no stages are in operation and the internal load is minimum.

50 ——&—— Maximum load
7 —<— Minimum load

Heat load (KW)

20
15 —
-180 90 0 0 180
(midnight) (dawn) (noon) (dusk) (midnight;
Sun angle (degrees)

Figure 28.Heat Load for Stagewise Operati

4.3.2 Design of Components

The vapor compression system consists of evaporators, compressors,
condensers, and expansion valves. The thermodynamic processes of the
working fluid during a single stage of a vapor compression cycle are shown
in Figure 29. Both an ideal cycle and an actual cycle, which contains non-
ideal processes such as pressure drops in the evaporator and condenser,

are shown. Each component is designed to enable the system to operate as
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close to the ideal cycle as possible. The design of each component for the

operating parameters mentioned earlier is given in Appendix F2.

Condensation

Pressure

Compression

— Actual cycle
— —- Ideal cycle

Evaporation : /

Enthalpy

4.3.2.1 Design of Evaporator. The refrigerant flowing through an
evaporator absorbs energy as it cools a fluid (usually water or air). The
refrigeration effect is obtained by cooling this fluid. The temperature

profiles as a function of position for a parallel flow arrangement are shown
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in Figure 30. Because the state of the refrigerant in most of the evaporator
is saturated, the pressure and temperature are linearly dependent. There
is a drop in pressure in the evaporator, which accounts for the drop in
temperature of the refrigerant, as shown in the figure. The drop in
pressure is undesirable because as the evaporator pressure decreases,
more specific compressor work is required. Thus, the COP of the system
decreases. In order to minimize the drop in refrigerant pressure and
temperature, a parallel flow heat exchanger was selected over a

counterflow heat exchanger.
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4.3.2.2 Design of Condenser. A condenser is used to reject both the

work of compression and the heat absorbed by the evaporator. To reject this
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heat, the condenser's refrigerant temperature must be higher than that of
the fluid cooling the condenser. As shown in Figure 31, the refrigerant
exiting the compressor and entering the condenser is superheated. A short
distance after entering the condenser, the refrigerant is cooled to the
saturation point. Condensation then occurs over most of the heat
exchanger length as the refrigerant goes from 100% to 0% quality. The
temperature decrease in this two-phase region is due to the refrigerant
pressure drop. Counterflow heat exchangers were chosen since they have
higher heat exchanger performance than parallel flow.

4.3.2.3 Design of Compressor. A compressor is used to increase the
pressure and temperature of the vapor exiting the evaporator. To select a
suitable compressor for this application, various types of compressors such
as reciprocating, rotary, and dynamic (centrifugal) compressors were
investigated. After considering factors such as power requirements,
reliability, and capacity control, it was determined that both reciprocating

compressors and centrifugal compressors are suitable.
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4.3.3 Selection of Working Fluid

There are a large number of working fluids which can serve as
refrigerants for vapor compression cycles. An investigation of various
working fluids revealed that very few can operate across a temperature
range of 0°C to 100°C and remain below the critical point [17]. Hence, the
design team decided to use a different working fluid in each of the two
stages of the vapor compression system. An analysis of the compressor
work required and the mass flow rate required was performed for various
working fluids, as shown in Appendix F3. The evaluation was performed
for temperature ranges of 0°C to 50°C and 50 °C to 100°C. From this study,
it was determined that R12 is to be used for the first stage and R11 for the

second stage.
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4.34 System Operation and Control

This section discusses the operation of the system over a range of
heat loads. The use of a stagewise operation to minimize power
consumption is also discussed here. The system operation is analyzed in
Appendix F2. The transport system is shown in Figure 27.

4.3.4.1 Designing for Maximum Heat Load. At worst case operation,
the vapor compression system is required to transport 89 kW of internal
heat from the module and TCS at temperature of 0°C to 110°C. Heat from
the acquisition system is transferred to R12 in the evaporator. The R12
evaporates at 0°C and leaves the evaporator as a saturated vapor. The
refrigerant then enters the compressor where it is superheated to a
temperature of 60°C and a pressure of 1 MPa. The vapor enters the
evaporator-condenser, where it condenses and transfers heat to R11. The
R11 enters the evaporator section of the evaporator-condenser at 40°C and
the heat transferred to it by the R12 enables R11 to evaporate at a pressure of
0.2 MPa and a temperature of 40°C. The R11 is then compressed to a
temperature of 110°C and a pressure of 0.8 MPa. The superheated R11
vapor then enters a heat exchanger where it transfers heat to the radiator
fluid at a temperature of 100°C.

4.3.4.2 Designing for Variable Heat Loads. The minimum heat load
produced by the module is 12 kW. The vapor compression cycle is designed
such that the temperatures and pressures at each state of the cycle remain
constant, regardless of the heat load. To enable constant temperatures at
each state, the mass flow rate in each loop is varied. The mass flow rate
can be varied by using either an accumulator or a pump. Since the

pressure of each state must be maintained at the specified value, it was
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determined that an accumulator will be used to vary the mass flow rate.
The maximum possible change in heat load is 77 kW, when the heat load
drops from its maximum value to a minimum. In this case, the mass flow
rate in the first stage loop is reduced from 0.8 kg/s to 0.1 kg/s and in the
second stage loop from 0.9 to 0.1 kg/s. As shown in Appendix F4, it was
determined that the accumulators will have to store a maximum of 9 kg in
either loop. Since such a mass can be stored easily, the team decided to use
accumulators in each loop to vary the mass flow rate.

4.3.4.3 Designing for Minimal Power Consumption. In order to
minimize power consumption, the team decided to shut off the stages of the
cycle at various times of the lunar day/night. One of the requirements was
to have both compressors off at night. Under this operating condition, the
R12 exits the first stage evaporator at 0°C and transfers heat to the radiator
fluid. The temperature of the radiator is -10°C. At lunar night, the sink
temperature remains at -189°C. In order to reject the maximum heat load
of 74 kW, the radiator area required was determined to be 345 m2. This is
the minimum possible area required for the radiator to reject the
maximum heat load at night with both stages of the cycle switched off.

Next, the design team investigated the time during which the single
stage will be operated. During single stage operation, the vapor exiting the
compressor is at a temperature of 60°C. The vapor exchanges heat with the
radiator fluid, which gains heat at a temperature of 50°C. It was
determined that for the calculated radiator area of 345 m2, and a radiator
temperature of 50°C, the maximum heat load for single stage operation of
94 kW will be rejected when the sink temperature becomes -8.7 °C. This

sink temperature corresponds to a sun angle of £ 41.59. Therefore, for any
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sink temperature between -189°C and -8.7°C, a single stage operation is
employed. Furthermore, for any sink temperature above -8.7°C, the
radiators will not be able to reject the maximum heat load of 94 kW. Thus,
two stage operation is employed for sink temperatures greater than -8.7°C.
Based on the analysis presented in Appendix F5, the stagewise operation of

the transport system for various sink temperatures is shown in Figure 32.

Single stage
operation
1 Night l ' Two stage ' | Night !
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4.3.5 Mass and Power Requirements

The power consumed by the vapor compression system as a function
of sun angle for maximum heat load is shown in Figure 33. The average
power consumption is 17.8 kW.

The mass of each coinponent of the vapor compression system was
also calculated. For each heat exchanger, the temperature differences and
the maximum heat transfer were used to calculate the UA parameter. The
UA parameter is the product of the overall heat transfer coefficient and the
surface area available for heat transfer. The objective in heat exchanger
design is to provide as much surface area as possible between two fluids
while also minimizing the pressure drop. The mass of the heat exchanger
is thus dependent on both the area and the overall heat transfer coefficient.
For each heat exchanger, the overall heat transfer coefficient and area
were determined. Using a correlation from reference x, the mass of each
heat exchanger was found from knowledge of the UA parameter. For each
compressor and pump, the maximum power was calculated. The
maximum power was related to the mass of compressor or pump. The
mass of the piping was also estimated. The mass of the accumulators was
estimated using the maximum mass it is required to hold. The mass and
power estimates for the complete transport system are given in Appendix
F6. Based on this analysis, the average power consumption is 18 kW and
the mass of the transport system is 1413 kg. A summary of the mass

estimate is given in Table V.
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Mass Estimate of Heat Transport System System

Components Mass (kg)
3 Evaporators 1090
Condenser 193

2 Compressors

Piping and working fluid 20

Total 1413
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4.4 Heat Rejection System Solution

Following the design of the transport system, the heat rejection
system was designed. The function of the heat rejection system is to reject
the heat transported by the vapor compression system. This section
discusses four topics. First, the operating conditions under which the
reflux boiler radiator must operate are defined. Next, design of the
components of the rejection system are discussed. The operation and
control of the system for varying conditions are explained next. Finally, a

mass estimate of the heat rejection system is presented.

44.1 Operating Conditions

At any given time, the radiator is required to reject the internal heat
generated within the module, the heat generated by the TCS, and the work
imparted by the compressors to the working fluid. The heat generated by
the TCS and the compressor work done on the fluid depend on the internal
heat load as well as the number of stages in operation. Hence, the
maximum and minimum heat loads to be rejected depend on the number of
stages in operation, as shown earlier in Figure 28. Furthermore, the
system must be able to reject any intermediate heat load.

The system must be adaptable to reject the maximum and minimum
heat loads. To accomplish this function while keeping the power
consumption of the transport system low, the radiator must operate at three

different temperatures corresponding to the number of stages operating.
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The radiator fluid must therefore be a saturated vapor at three different

temperatures. These radiator temperatures are summarized in Table VI.

Table VI
Operating T I f Radiat

Night operation | Single stage operation |Double stage operation

-10C 50C 100 C

The radiators are subjected to varying sink temperatures. Therefore,
for a given radiator temperature, the heat rejection capability varies with
time. The rejection capability of the radiator must therefore be controlled
such that the radiator does not reject more heat than is transported by the

vapor compression system.

4.4.2 Design of Components

4.4.2.1 Reflux Boiler Radiator Design. The original reflux boiler
radiator concept consists of a closed vessel in which both boiling and
condensation take place. However, the radiator fluid is required to
evaporate and condense at -10°C, 50°C, and 100°C. In order to obtain a high
quality saturated vapor at three different temperatures, the saturation

pressure of the working fluid must be varied. The design team determined
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that changing the pressure within a closed system is inefficient. Hence,
the team decided to use a pump to increase the saturation pressure and a
throttling valve to decrease the pressure of the working fluid. It was
determined that the working fluid must be evaporated before entering the
radiator. This modified reflux boiler concept is illustrated in Figure 34.
The vapor enters the radiator through a pipe and condenses along the side
walls of the radiator. The condensate collects at the bottom of the radiator

and joins the return line.

Vapor

Central liquid
return pipe

Central vapor
supply pipe
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The operating temperature of the radiator working fluid varies from
-10°C to 98°C. A fluid that can operate over this range of temperature
without nearing the critical point is required. An investigation of various
refrigerants showed that R114 is suitable for this application. This fluid
was used in the reflux boiler analysis presented here.

The design team investigated radiator shapes of circular and
rectangular cross-section. Cylindrical radiators have a higher surface
area to volume ratio than rectangular radiators. However, the effective
sink temperature for a rectahg‘ular vertical radiator is lower than the sink
temperature for a cylindrical radiator. Furthermore, the effective area for
radiation of aligned cylindrical radiators is much less than that of aligned
rectangular radiators, due to radiative exchange between adjacent
cylindrical surfaces. Hence, the design team selected rectangular
radiators. These radiator surfaces are aligned east-west, and the non-
radiating surfaces are insulated. The spacing between the radiator walls
must be minimized so thaf the area of the non-radiating surfaces are
minimized.

The design of the radiator involved determination of the length of the
radiator and the spacing between the radiator walls. The reflux boiler
must be designed such that the temperature difference between the vapor
and the radiator wall must be minimized. To achieve these conditions, the
film thickness and hence the length of the radiator must be minimized.
However, a fixed radiator area of 345 m2 is required. If the length is
minimized, the width of the radiator will be too great. Due to various

transport limits, constraints are placed on the minimum length and
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minimum spacing between the radiator walls. These limits include the
boiling limit, entrainment limit, and the sonic limit.

Since the vapor and liquid move in opposite directions, a shear force
exists at the liquid-vapor interface. If the vapor velocity is sufficiently high,
a limit can be reached at which the shear force is so high that the liquid
cannot return to the bottom of the tube. This limit is the entrainment limit.
When the entrainment limit is reached, part of the radiator wall becomes
dry. Consequently, the radiator walls cease to be isothermal.

The critical vapor velocity at which entrainment occurs depends on
the mass flow rate of both the vapor and the condensate [18 ]. For the
maximum heat load, the mass flow rate of the vapor will be maximum.
The mass flow rate of the condensate depends on the length of the tube.
Hence, for the maximum heat load, the critical vapor velocity depends on
the radiator length.

The mass flow rate of the vapor is also limited by the sonic limit [19].
The flow of vapor in the reflux boiler vapor core is similar to the flow
characteristics encountered in a converging-diverging nozzle. For a given
vapor core area, there is a maximum mass flow rate of vapor that can be
transported up the tube. Any further increase in the heat load transported
by the vapor will increase the mass flow rate, resulting in supersonic flow
of the vapor. Since the mass flow rate of the vapor does not increase, the
heat transfer along the tube does not increase. Hence, a large axial
temperature gradient along the tube is formed and isothermal operation of
the radiator is not possible. The radiator cross-sectional area must be
designed such that for high heat loads, the area is sufficient to prevent

sonic flow from occuring.
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In accordance with these limits, the radiators were designed. Each
side of the radiator was modelled as a vertical flat plate with vapor
condensing along its sides, as shown in Figure 35. At steady state, the heat
flux transferred from the condensate to the radiator wall must equal the
heat flux radiated to the environment. Using this energy balance, the
average convection heat transfer coefficient is related to the radiator

temperature by

h = e6(T4yaq - T4gink) / (Tsat - Trad)

where Tgat is the temperature of the saturated vapor, Tsink is the sink
temperature, Trad is the radiator temperature, € is the emissivity, and ¢ is
the Stefan-Boltzmann constant. For condensation along a vertical plate, the
convection coefficient is also related to the film length by a correlation given
in reference x. Combining the two relations, the radiator temperature as a
function of radiator length was determined. The team found that the
radiator temperature differed by a very small amount from the vapor
temperature, even for very large lengths. As shown in Figure 36, for a
length of 17 m, the radiator surface temperature is only 0.5°C less than the
vapor temperature. Hence, the team assumed that the surface
temperature was the same as the vapor temperature for the overall
analysis of the TCS. This graph illustrates the high fin efficiency of the
reflux boiler radiator. Fuithermore, the graph shows that the fin efficiency

decreases slightly for large increases in radiator length.
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Since the radiators must be modular, the team used twenty
radiators. The team determined the critical flux at which the sonic limit is
reached. For the maximum heat load, the minimum cross-sectional area
to prevent the sonic limit from occuring was found. Each rectangular
radiator is 17.25 m long and 0.5 m wide, providing a total radiator surface
area of 345 m2. For this length, the critical vapor velocity was found to be
gix times higher than the actual maximum vapor velocity. Hence, for the
radiator dimensions selected, none of the transport limits will be exceeded.
The calulations for the design of the reflux boilers is presented in Appendix
G1.

4.4.2.2 Design of Pressure Control Subsystem. The function of the
pressure control subsystem is to vary the pressure of the radiator fluid such
that it will evaporate at the three different operating temperatures
specified. The pressure control system consists of a pump and an
expansion valve, as shown in Figure 37. The pump is required from dawn
to noon, when the radiator temperature must be increased from -10°C to
50°C, and then from 50°C to 100°C. The pump is therefore required to
operate only twice during the day. Just before the first stage is switched on,
the fluid returning from the reflux boiler at a temperature of -10°C is
pumped to a higher pressure. This pressure corresponds to a temperature
of 50°C, enabling the radiator fluid to evaporate at this temperature. A
gimilar process occurs just before the second stage is switched on, resulting
in another increase in the pressure of the working fluid. From noon to
dusk, the expansion valve is required twice to reduce the pressure of the

radiator fluid.
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4.4.3 System Operation and Control

For night operation, the radiator fluid takes the path shown in
Figure 37. Valves 2 and 3 are open, while 1 and 4 are closed. As a result,
the radiator fluid bypasses heat exchanger A and vaporizes in heat
exchanger B. This vapor then enters the radiators where it condenses
down the walls of the radiator. The condensate is collected at the bottom of
the radiator where it joins the main liquid return line. The radiator fluid is
designed to be at a pressure corresponding to a saturation temperature of -
100C.

The first stage is switched on around dawn, when the sink
temperature is just above -189°C. Before the first stage is switched on,
valves 6 and 7 are closed and valve 5 is opened. The pump is used to raise
the pressure of the radiator fluid to a value corresponding to the saturation
temperature of 50°C. When the first stage is switched on, the R12 exiting
the compressor exchanges heat with the radiator fluid in heat exchanger B,
which evaporates and enters the radiator. Before the second stage is
switched on, the pump is again used to raise the pressure of the radiator
fluid in order to evaporate it. When the second stage is switched on, valve 1
and 4 are open, and 2 and 3 are closed. The radiator fluid exchanges heat
with R11 in heat exchanger A and bypasses heat exchanger B. Just before
each stage is switched off, valve 5 and 6 are closed and valve 7 is opened.
Thus, the radiator fluid is sent through the expansion valve to reduce its

pressure so that it can be evaporated at a lower temperature.
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4.4.3.1 Designing for Maximum Heat Loads and Maximum Sink
Temperature. The heat rejection capability of the radiators is given by the

equation

q = e0A(T41aq - T4ink)

where € is the emissivity, ¢ is the Stefan-Boltzmann constant, A is the area,
Trad is the radiator temperature, and Tg;p| is the sink temperature. The
variation of heat rejection capability and the maximum possible heat load
with sun angle are shown in Figure 38. Based on the equation, the amount
of heat rejected by the radiators can be controlled by varying the emissivity,
area, or radiator temperature. For each stage of operation of the vapor
compression cycle, the radiator temperature was designed such that it
rejects the maximum heat load at the highest sink temperature during that
stage. As illustrated in Figure 38, the maximum sink temperature at each
stage occurs at points A, B, and C. However, if the sink temperature
decreases, the radiators are capable of rejecting more heat than is required

at maximum heat load.
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4.4.3.2 Designing for Maximum Heat Load and Varying Sink
Temperature. In the previous section, the rejection system was initially
designed for the highest sink temperature. Consequently, the system will
always have a higher rejection capability than the heat load, except at the
maximum sink temperature at each stage. The excess rejection capacity
varies from 0 to 94 kW. Based on the radiation equation, there are three
means of controlling the rejection capability of a radiator: control of
emissivity, radiator temperature, and area.

Louvers are used used to change the absorptivity to emissivity ratio of
the radiator. By opening or closing the louver blades over the radiator
surface, the effective emittance of the radiator is varied. However, this
concept was proved infeasible for lunar applications in a study done by

NASA. Next, the team investigated control of radiator temperature. As the
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the radiator temperature is fixed because of stagewise operation, this
method of control could not be used without increasing the number of
stages of the vapor compression system.

Finally, the team investigated ways to control the rejection capability
of the radiators by controlling the radiator area. Two independent control
techniques were used to solve the problem of excess rejection capability.
The first technique used was to bypass radiators. To bypass a radiator, the
valve connecting the radiator fluid loop to the radiator is closed. Hence, no
vapor enters the radiator. All the vapor inside the radiator condenses down
the walls and returns to the main loop. Therefore, the effective area for
radiation decreases. Since twenty radiators are used, the area of each
radiator is 17.25 m2. By bypassing radiators, the radiator area can be
varied from 0 to 345 m2 in increments of 17.25 m2.

For the twenty one possible discrete radiator areas, the sink
temperature at which the fejection capacity equals the maximum heat load
was found. Consequently, a sequence in which each radiator is bypassed
was determined, as shown in Appendix G2. The excess rejection capacity
varies from 0 to 10 kW, as shown in Figure 39. Using this technique, the
excess rejection capability is greatly reduced. This effect is illustrated in
Figure 40.

By providing discrete variations in area, the excess rejection
capability can be reduced but not completely eliminated. Because the sink
temperature is a continuous function of time, the area of the radiators must
be varied continuously to completely eliminate the excess rejection
capability. In order to do so, the variable conductance concept is suggested

[20]. This concept involves using a noncondensable gas in a reservoir
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attached to the reflux boiler radiator, as shown in Figure 41. The pressure
in the gas reservoir is the same as the saturation vapor pressure of the
radiator fluid. A decrease in the sink temperature will cause more heat to
be lost momentarily by the radiator fluid, resulting in a small decrease in
vapor temperature. Since the vapor is saturated, a small temperature
decrease causes a large drop in vapor pressure. The change in vapor
pressure causes the noncondensing gas from the gas reservoir to enter the
radiator, resulting in a decrease in the area available for condensation. By
decreasing the area, the heat rejection capability will decrease such that

the heat rejected equals the heat load to be rejected.

tion capability (kW)

rejec

k:

- 60 —
-180 -90 0 90 180
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This concept may be used without bypassing radiators. The worst case
occurs when the heat load is minimum (20 kW) and the sink temperature is
-8.7°C, corresponding to point D on Figure 40. As can be seen, the heat
rejection capability of the radiators is about 225 kW. For this case, the area
change required of each radiator is 14.25 m2. Due to the excess storage
volume required, the mass of the radiator will greatly increase. However, if
the radiators are bypassed, the heat rejection capability is about 132 kW.
Therefore, the area of each radiator will have to be reduced by only 6.25 m2.

These calculations are also shown in Appendix G2.
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4.4.3.3 Designing for Variable Sink Temperature and Variable
Heat Load. In the two previous sections, the temperature control systems
discussed were designed for the maximum heat load. However, the
rejection system must account for variable heat loads. When the heat load
decreases, the mass flow rate of the radiator fluid is decreased using an
accumulator. Depending on the mass flow rate, the number of radiators to

be used is determined by the relation

Number of radiators used = m¢ / mj,
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where m. is the current total mass flow rate in the loop and m; is the mass
flow rate into each radiator at design level. This system coupled with the
variable conductance concept will enable the heat rejection capability to
equal the heat load at any given time.

To control the system for varying sink temperature, the technique of
bypassing radiators explained in the previous section is used. If the heat
load and sink temperature vary simultaneously, the two independent
control techniques are used. Using each technique, the number of
radiators to be used is determined. The system selects the lower of the two
values. The variable conductance concept superimposed on the above two
control methods will ensure that the radiator area is adjusted for both the
change in heat load and the change in sink temperature. Thus, the
amount of heat rejected by the radiators will equal the heat load to be

rejected.

4.4.4 Material for Radiator.

A material proposed for radiators to be used on Space Station
Freedom is Advanced Ceramic Fabric (ACF) material. This composite
material consists of lightweight ceramic fabrics bonded with thin metallic
foils. The outer layer consists of the ceramic material. The inner layer is a
metallic foil which acts as the pressure boundary to contain the working
fluid [21].

ACF materials being studied include carbon fibers, fused silica, and
silicon carbide. These materials have a higher strength to mass ratio than
traditional metallic radiator surfaces. Furthermore, ACF materials are

compatible with various working fluids.

89



Table VI
Mass Estimate of Heat Reiection Syst

Components Mass (kg)
Radiators 1725
Piping 14
Working fluid 130

Total 1869

4.4.5 Effect of Lunar Environment. Since the transport system will
be placed in a shack under the regolith, the radiators will be the only
components of this system that are directly exposed to the lunar surface.
The effect of lunar dust on radiators is a harmful one. The only means by
which lunar dust can be kicked up is due to surface operations. Hence,
surface operations must not be performed near the side of the module that
the TCS is located. Furthermore, the radiators must be aligned such that
the surfaces do not face the regolith covering the module. If the radiators
face the module, the sink temperature seen by the radiator will be higher.
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This report contains the conceptual design of a thermal control
gystem for lunar applications. Alternative designs for heat acquisition,
heat transport, and heat rejection were presented in this report. Feasibility
studies on alternatives of each subsystem showed that the single water-
loop, the vapor compression cycle, and the reflux boiler radiator were the
most feasible alternatives. Combination of these subsystems yielded an
overall system that satisfied the design criteria mentioned earlier in the
report. The extent to which the overall system meets the most important
design criteria is discussed below.

The mass of the system was kept low, since low mass was the most
important design criterion. Mass estimates and power requirements for
the TCS are given in Table VII. The design team did not optimize the mass
of the overall system. The total system mass is about 4430 kg. This mass is
comparable to a TCS of mass 1927 kg, with about half the cooling capacity of
the TCS presented in this report [22].

The power requirements of the system were also considered. The
team determined that the average power consumption can be decreased by
using a stagewise operation. The use of a stagewise operation is especially
feasible for lunar applications because the sink temperature at lunar night

is extremely low and remains so for 14 earth-days.
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Table VII

Mass and Power Estimates for TCS
Subsystem Mass (kg) Power (kW)
Acquisition 1148 6.8
Transport 1413 17.8
Rejection 1869 3
Total 4430 24.9

Control of the system for variable heat loads and variable sink
temperatures was another important design criterion. This criterion was
met by using a stagewise operation, bypassing radiators, and by using the
variable conductance concept.

The design team considered the adaptability of the system to the
lunar environment. The placement of the system was discussed with
respect to the lunar dust kicked up during surface operations. Although
the effect of lunar dust is an important factor in the radiator design, the
extent of its effect on radiator surfaces is unknown. However, the design
team accounted for the fact that the emissivity of the radiator decreases
with time. The effect of micrometeorites on the placement of the radiators
was also not considered, since micrometeorite impacts on the lunar surface

are considered to be random.
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Various safety requirements were also considered. No toxic fluids
were used inside the module. The radiators were designed to be modular,
80 that a failure in one radiator will not affect the performance of the other
radiators. A redundant system was not designed in this study, although it

was used as a criterion for comparing the alternative designs.
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Recommendations for Future Study

The aim of this report was to design the three subsystems of the TCS
to acquire, transport, and reject heat from the module to the lunar
environment. Although the design team met this goal, much more work
must be done on this projeét before prototypes can be built.

The heat load calculations performed in this report were based on
equipment to be used on Space Station Freedom. To perform a detailed
design of a TCS for lunar applications, more background information is
needed regarding the lunar mission. To accurately determine the heat
load, the designer must know exactly what equipment will be inside the
module. The crew size must also be determined.

The mass estimates presented in this report were for components
used for terrestrial applications. Mass estimates of components designed
specifically for space applications must be determined. Furthermore, the
mass of the TCS must be minimized. If the radiator area is reduced, the
radiator temperature must increase. Hence, the temperature lift of the
vapor compression system must increase. If the temperature lift of the
vapor compression system increases, the mass and the power requirement
increases. Hence, the radiator area and the temperature lift of the system
must be varied such that the total mass of the system is minimized. The
radiator must be operated at a temperature at which the total mass is

minimum.
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The analysis of reﬂﬁx boilers presented in this report only
demonstrates feasibility of the concept. Hence, it is at an elementary level.
No correlation adequately estimates the thermal performance of a reflux
boiler in a low-gravity environment. An analysis that accounts for the low-
gravity effect is needed.

It is important to determine what the available power source will be
for the lunar mission. If a nuclear power source is used, high temperature
waste heat is available. Consequently, using a heat driven cycle instead of a
work driven cycle will result in a large saving of power.

The upper plate of a parallel plate radiator functions as both a
shading device and a solar collector. It was determined that the low
temperature heat absorbed by a parallel plate radiator cannot be used to
drive a heat driven cycle. However, if low temperature heat can be used for
some other purpose, the parallel plate radiator concept must be investigated

in more detail.

95



References

1. Alred, John, “NASA/USRA Advanced Engineering Design
Program”, paper submitted to SPACE 90, the second International
Conference on Engineering, Constructions, and Operations in

Space, (American Society of Civil Engineers, N.Y., 1989).

2. Cameron, Elizabeth A., Duston, John A., Lee, John D., "Design of
Internal Support Structures for an Inflatable Lunar Habitat",
(1990) report prepared for Universities Space Research

Association.

3. Yin, Paul K., Ph.D,, P.E. "A Preliminary Design of Interior
Structure and Foundation of an Inflatable Lunar Habitat", paper
submitted to SPACE 90, the second International Conference on
Engineering, Construction, and Operations in Space, (American

Society of Civil Engineers, New York, N.Y., 1989).

4. Costello, Frederick A., Mengers, David R., Moore, James S.,
Radermacher, Reinhard, Swanson, Theodore, "Low-Temperature
Thermal Control for a Lunar Base", paper submitted to SAE
conference on Advanced Environmental/Thermal Control and

Life Support Systems.

96



10.

11.

NASA Document (November 1989) "Report of the 90 day Study
on Human Exploration of Moon and Mars", Internal NASA
report, prepared by NASA/JSC for the National Space Council.

DeBarro, Marc J., Farmer, Jeffrey T., Simonsen, Lisa C.,
Thomas, Carolyn C., "Conceptual Design of a Lunar Base
Thermal Control System", (1988) report prepared for NASA,
Paper Number LBS-88-225.

Green, Steve T., "Models of Energy Transport System Components
for Space Applications”, (1991) Southwest Research Institute, San
Antonio, SWRI Project 04-3083.

. Incropera, Frank P., DeWitt, David P., Fundamentals of Heat and

Mass Transfer, (John Wiley & Sons, New York, 1990).

Kreider, Jan F., Kreith, Frank, Solar Heating and Cooling,
(McGraw Hill, New York, 1975).

Mattick, A., Hertzberg, A, "Liquid Droplet Radiators for Heat
Rejection in Space”, Journal of Energy, Volume 5, Number 6,
pp 387-392, 1981.

Mattick, A.T., Hertzberg, A.,"The Liquid Droplet Radiator- an

Ultralightweight Heat Rejection System for Efficient Energy

Conversion in Space", Acta Astronautica, Volume 9, Number 3,

97



13.

14.

15.

16.

17.

18.

19.

pp. 165-172, 1982.

Carrier Technical Development Program, Air Conditioning

Fundamentals, 1974.

John Thornborrow, NASA Johnson Space Center, Houston, TX,
Telephone Conversation, 10/27/91.

Connell, Richard B., Fieber, Joseph P., Paruleski, Kerry L.,
Torres, Hernan D., "Design of an Inflatable Habitat for NASA's

Proposed Lunar Base", report prepared for NASA, August, 1990.

Carrier Systems Design Manual, Carrier Air-Conditioning

Company, Syracuse, New York, 1974.

Kakac, Sadik, "Boilers, Evaporators, and Condensers”, John
Wiley and Sons, New York, 1991.

ASHRAE Handbook, Fundamentals 1989, SI Edition, Atlanta,
GA.

Butterworth, D., "Film Condensation of Pure Vapor", Heat
Exchanger Design Handbook, vol.2, Chapter 2.6.2, Hemisphere

Publishing Corp., New York, 1983.

Rohsenhow, W.M., "Boiling"”, Handbook of Heat Transfer,

98



21.

22.

Chapter 13, McGraw-Hill, New York, 1973.

Chi, S.W., "Heat Pipe Theory and Practice", McGraw Hill
Book Company, New York, 1976.

Webb, B.J, Antoniak, Z.I, Pauley, K.A., "Advanced Ceramic
Fabric Body Mounted Radiator for Space Station Freedom Phase 0
Design", Heat Transfer in Space Systems, ASME, New York,1990.

Ewert, Michael K., Petete, Patricia A., Dzenitis, John, "Active

Thermal Control Systems for Lunar and Martian Exploration”,

SAE Intersociety.

99



APPEUDIX Al

SPECIFVCATION SHEET

Geo Y\'\Q_";YS
A Module — Diavnacte V6 v
wWa \\ -HA{CMS

Woll madevial - kevley
Sbwbau CNY €A ‘ou\w\'cd\ - Y2

S.L\’Y{)(ALQ DY €ca L,\v\cﬁ_n./y YCBGUH/\"V’S
T ey s() \eacb«\@\ -2

b. Iukub§bu+&/EQw‘wa\+ witlain VV\OCLJQ

MO.SE MoHuz - 12

\Cev av-Hidoumaess
"MYV\/\C\\ Qov\c&.uc.g\u}'\l
C. LOCckHQV\ Y EQ‘AC«RV

Lunoy fuwyiromlnte | Cohcu{ﬂ'ous_

a. Muxinmuw Su\xemu RVWPGWO\"‘UVQ © B8Y \QC\UQC)
™LA WL WA sb\q(\a 3 R\V\t)eyq“'\)\(( T lo K(-n&)
B Loway ~adiens 173772 \ena

C- Lonan Selavw ovantent s 1376 W
A Albedo LKowi canbti 2 o

Al




j:uwc)r\'ov\o\\ cht&g\ ~ QV\.AQV\+S

Moivifouin  Hemevedure r[: 217 (8- 14°)
Hoal du lr\J (ool oy LsS (L0 fe Suppert Systenn)
Gpudcaem '\/QV\V'FC\\A‘SQC& \o&j L%SCL;B‘(WC\'\'SY&}CM?

Grecvngty Y. fpo\l ARy
—~ MItiiyYUy *22 e 3\«+ / \v (’:vLA«\'LtLC\

Cncigy o claive Tes
- Electicea )

- MU\C/LQO\\/ \Dc%\f (/\Qt\—k
—  Seolenwy ‘/\_QC»\‘\‘

N CK'\'(Y\‘U\t S
QO\CL;C"\JWD% ~ \ov\s X, l/u':)\f\ <
Probeybed ;5& wak}uﬁ 'HA,QLLB " [cwa}: cp

Sonfety
- Eocda Cm"’\tow\/\% V\Aufb{" have o bG\Q(C(,L()
— WNo *DK\CC \JQcS‘(\L(r\AE,) %LLUQJLS \'M\‘(L(
Mo dale .

D\O\U\/\,\.—Qv\’\»
AL L N I |
- Ou\*s“\cju\ e Mo&,«.ptg

- PMVAL AL )Q Q\L\v\o\\, ck'\—k-b{'
= Micro W‘—Qo‘r\""t f\ﬂh\ﬁ-c.
C\M‘W\l"'o'\/\_

- Ow {M‘\-c\(.h c}\, e LLL_\\/\AO\L’I a u\ﬁ\/\ W SN
~ Fuanmoany ecannet aclyuat i b ¢
e oLL VW 6 dvb\,LQ .

MU\.\V\t.QlAC&.\A_&Li\,_z"LQ-i,Eiﬁ“,L | by 1 e
'—— Ll'Q(‘-k;:“cﬁ\ ;v\kci‘\ oy Cg\;\,\[’? PR ‘l/\+'$ > 1S NAES

A2




APPENDIX A2

PASSIVE CONTROL  CALCULATIONS

The 2w 6{) 'Yeaob(‘H?\ avound e miedudy

s modelld wit Ha 60\(0003V\5 o-SSumbtiony .

| Meglgible Ramal vesisbma offiered oyt
Y\Aocﬂ,ul_w owkfv 'SUW()O\LQ.

2. TQM#DQ'YCAJ'M'YQ metde nodude = 2.1°c

2. The waodude hon 2 na ’VQSO'L\’M/\ ovoumd i
vew HAwSL\ Hus 15 due fov andy (PPN
o podunde .

4. S+co\oL«3 Stoke Conell domy exist.

5 1~D

6. No Cov\*lncfr vesistain (o

7. A\/\&%&\S ot Loy oo,

T__.__._ T= 284 K

20mMm MoDyL &

|

Readj‘;\u/\

— em




O0hL W/ ¢

= 4T K . AT

(kﬁ\ B O/B'l)

( Hect \'V\l'»ud‘ fromn

Suyvo WACL' vxg oj' noow -

4T (f00y) (3§4 ~294)

Y8 - Vio
= 180 ww)
Heod loss 'Frowv\) at (. 0043 (2ay - \07_3
(MOM ot dmid it \1/9 Ve
L: - 386 \<W1

A4




APPENDIX B\

ESTIMATE OF VADOR (oM PRESSION cvyceli
PERFORMANCE

Assume : Tow = 270 I

1

T\-&f%\a 284 ¢
C°°\‘§j\j \oa& 50 lcw

Single stoge vepoy Combression cycle

A @t
2 3
LONOENSOR,
V;.'c ExPANSION
VALVE
i
EVA Do RATOR 4
.Q;V\ > 8okw
WW\“"‘% %CL : D\Q(ﬁﬂ'eazwm+ 0
A ove'Yal ZV\Q’YS% baLO\MLQ tduz_(c'i&
Qou\'{" = Q\V\ + \/\) = 5o \ew 4+ Wc

B\




Assume .

b Tha compressoy is sewhopic owad. oy
AW Q&'ﬁ\‘dev\u:,) 5&70“/0

2. NQSU%;\?{A byeasuye losser i e pi\o’MS
ouvu:)\ \/\.Qo\'l' &M&V\%,Qy.

3. Ex pansion Valve s &{V\'H/\O\”D\\c.

4. Thae ’vebvicﬂ,ewo\vd’ ‘s sotnraded ,onwiri ot
Hae CDV\OQRV\SO'Y -e)d'l\' C‘A'V\A. So\'k'WYa\kcd» UD\PJY
at eva{bovadbv ex T .

5. The we.bwlcyzvo\v\’k S o\\wou%); belows Tt
C,Y\"\'\\CO\L bo'\\/\'t .

State Temeredunlbe Pryessnve E bl ‘D‘j

\ (.so:\-mea} 270 .05 MWau, 390 \47‘43
2 2, 80 1« L\ MPa 4s0Y iy
3 (satliq) 234 W Y MPaL 200 WY
4 270 k. o .05MPu. 200 {‘I/\‘q'
_\/_\;-)- - h -~ = \QX
= =l 6O /143 .
Rin = hy-hy = G0 'S

-~ L B
m = Bokw . 5.9535 ¥/

qD“'T/\aﬁ

V;/ = (O \LAKC% x. Y.V\ - 66X 0355 = 133\«

C‘Q‘ou\\" = ’Y“/\C\r\l-[/\3§ = 0.555\_%5} %(‘50 \%>
chd‘ 2 8%.%\4(4)

L



Two S‘l‘CLSQ Cﬁqscacazcji) VCS

Liquid/Vapor

v

33




Refey:s ASHRAE fumdamende| (4 g9

szmet‘f\/\?j Conci Hong

R RQ(;Y?asz-n'ov\ Load. -{-QM{D: ~ %

il Eunvievupant T-&M‘om’mlb\')(‘- dd
Heed load +o be vemoved: 5o kw
E-F{n‘u'evwﬁ d[) Coympresset & 7oY.

Refey +o dogrom o b5y

‘PMSL\: P7 = Pg = Paak ot T= 1%
= .09 MPo

o

Plows = Pi = Po = Peot ok T= -3

= O.27 MPe
>{V\\- = Ob“%vuuvm ;M’*’{'YS{‘D\LJQ Pyessure
= (_PV\ PC>\/L = 'Pq = P‘é = PG e PZ
= 053 L MpO\
Floid |stete | Teoc | b (e W (Fhea)
Ri2 \ —3°Q 0. 27 2 2.1
2 if? -3 | ©.21 3515
3 SO% 60 0.5 285
4 o 40 -5 227
R 5 0:5 2 00
6 3K 60 ©-5 430 i
7 38 e L1 4s o
8 T VU ey 300

B4




Mp = Qin

- Sokw
Wa-ly

35V 5-227

O.40\6 K%/_C.

Mg = ™V ("‘5’\"‘4 ) = 0-40\(,(13_._.‘5- 227
hWe -hg 430 - 200

©-483)\ %o/

Wa = V\\/\A(tﬂa—\’m> = 0.4016 (235 -35\-5}

= 1\3.45% vw

We = Ma(hy-he) = ouusst (450- ano)
L~ .76 \qu

Totel Comn lsvcsac\/ Povey

\_%Y% = 73.2] \<uu1

= 2.2 \<w

29




Dimensionivg o Conmdontoy
N A

Given . g =~ 80y

Cov\d.quug fevapratuye = (1 (O
Cowd.omiucs preysane =

e o““\d‘“"“’; Hon 26

g

= &7
L6,
X = UA
" Co “[/U/\C“CD)]
VDA = Q\ -~ bokw _
A8, Sor © 556.5 W/K

Fyowna «913 5.2 (2R ba{)ew)

o shecfic mass #O\YO\VV\Q_“I‘(Y =~ 2400 €4~k
~ e A
M = A Mux bt = tube A.»‘O\\/V\-Q_kq’

LA D
Muwx = ™ CLYA I 2q00 ¥q K x 0555 kw
& ] )N <
X 30

= 29.96 kg ey Sokw

B G




\D{mensism‘n%jo EVG\JDOYGA'GY

B " 22.°¢
AT .
AG,

A6y
l Evechovahion ~2%c
OA = B | 5ot
- PREW o>\ w/
S6e 22~1-3) oe W
Frona 6‘3 323, M 2 |go0 o Kk
_ ° \<wo -
M = N
x - ka - M (UAB b‘E
(L) D & =
M
—AX ~ VA
d M — b‘t = 600 \% < 2000 kw
<o - 50 «wy
X DO x\BBYV\
a2 kg
e a{;h{@d"

B7




Mass c‘L Co‘Mb}e)&oY

Mepae) = 1a + o7 (22 1o w x \hp
T46W
= 50U x \leo 22078\ .
2-2W

Meaas crt\hz-sma Ves
Concansey = 07992 E2 x 733 kw = 5658
= |

Compyedsovs @ a7 .98 2

He,cd' E)CQQAQMSQ’Y! g2 - x B0lkw = qé’k%

W

EVO\*:OYO\"‘OY: 1. ﬂ x S0 e = cl(;Kg
e

Total Muwss = 27D K’j

Conndlovinasy @ B58.5 ¢ Lig

D
Combressoy t 19 + g (333 x1Sw Kihp
746

x \lg = 228 \%q

2.2 16
Evo\boYo\"}’OY 96 ks

Totol Mass = (76 g

(S



3HNSS3Hd

(o)

11 mesdppey se) mesley idmgeg-amnag N3

©urn  AdIVHINI P ot SRS SrevRAGOPYBAS B AP WD) BINTD Pt
05§ 008" ] ¥ 0S¢ 00€ 052 002 oSt o
& | ¥ =AY
T e T
[ | wibn 89417 A I~ o a8 L3135 |18 ASIAY Z00
aw aEle S il sy 12 a2
v oo 351818 7 = %9470k .
Fa=818 3 |ap s T 11 vz In'e v00
- ...NAW A n A
-1 |37 ol v
o F-f A A FHAFCE
. o E 1T (i —N7 ,
- = U F— — K] = £ NV, l‘* \N\\v L \\ —.o
oo L ALZEATATANT Y 187.2 .
P AT, BTz ai® g% . 3
MRS o | 241 /A / (LA LV A m
or [T I S oW e A S e -4 S 1P ¥ - P~ o] @
PN N L A B2 L) 3 i \qu AL ° e Al ety A » = C
Eiya = ’ wave 7 o m
HT ] ! —‘N N ;e \\ [
el Mn— 1 - ez v, = I
— v 3 nﬁ L Hr:: [ovogmre = e =y gp= =gy e JY § 3
00z |1 Nofh f M a 7 e e
WAVAWY v o 9z il I [ A -
] 4“-—"-. ﬁLV k\‘ \ ‘ ‘ — -
oor |-| | ppn NWAN )& m I I
- Y P = /4 . -
3 SLO0% s 1 ] k 4
- = <tk -
f o 5 AN} AV 7 11 Ti=dl
000t |- Lt ANA WA I I 117 o .
— 124 A | 1 2 e 1r y 4 —] i
. i‘ N 2 —hN n ; 8 i\ n -m% IN ~l\ H ‘N ¥ | IAN o—.
R K4 TS N )
oooz |- - oa_v& * | &) ».mm %....lh& & T s 1
o 7 s WY .
4 1 A " A A 1 " " A A 1 A " A A i " . " A 1 A i " M 1 . n " A ) A
See 002 Si1 0si STl 00} Rz

(me) AJTVHINI

B 1



ey

3dNSS3dd

(o)

4]}

000}

osy

©1r)  AJIVHING

[y

B T L Y ————

DV DM N 30 A1 DO0S MVMIITY SO JIEMIAR) 1

ooy 0sE ooc

oy
domsramedy $BONIE DWWNALIOP MY O B bV WIS HEHNTD A4 Puardany

09z 213 o0z

0s)

004

ﬁ _r\ k 100
4§ L - <l w.
1;. Ty -, ~ - o[/ lot o [Jo~ o off oV 1
! sy o7 = o MLV 215 LT el s el S T S /> zo0
o 11152 94 R -1 - 1_UILHT / 9-
- A1V 7 87 WA K,
u.—-\|n|v|,lv " Z|w -1 = VAR 12d0ii A ‘Ii H
X m-&;mrs L2 3 ! L] 8% Y00
[ A AL 2 LA 7] A4 i L £ VXA
N » - - [ &2
o ] ma ) A LoF1 /1] ol [ [ An
7 At /4
mES s airdl EIESECiRE okl 0yl
i 10
A l\N‘\\x \ * Q\ y |1 h\\
- ’
i d l\ .l\ u lkuu..le ~ l\.. ‘.l - A\ 8 h\\\ a \le
i ‘..n.am_.- S & 1l wqf s a N\n qu\ s AW zo
H 1<) ] ol -l i
L. 9 » I y P '/ S
i e i A 1240574 9,0-1
i , I 7 1 7 7 y 4 -
i 4 F ] T T 4 vo
s ALV IR 7 17 A
- 0% )] ‘4 [ ~
, . am) [ 1 - 8
o L \\ 4 \m \ \\\ ﬂ\ 't
3 a
s il | A 4 ALY
| inaty 70
HT we..\ = * W \\\ K4
(™) P\, -
- Oa_— — ] N A \‘\/ \ 2 "4 —yy =]
i /. Y it ' - H-H .
o i DK « 1 4
N a._:os N, N <] W
[ “ “ Q0% !\%) &v
" 1 A " A 1 A A 1 A i A " 1 i A 2 " " s L A 1 1 8
144 002 743 oSt |14 001 173 0S

@amig) AdIVHING

3HNSS3Hd

(3dW)

B10O



Temp (K) Qe (KJ/Kg) Q'e(KW/Kg Q'e(KW/kg Sp.Cooling System Mass

430
400
350
300
280
275
273
271
270
268

225.568
251.968
295.968
339.968
357.568
361.968
363.728
365.488
366.368
368.128

Hydrogen) System)

0.1879733 0.0939867
0.2099733 0.1049867

0.24664  0.12332
0.2833067 0.1416533
0.2979733 0.1489867

0.30164  0.15082
0.3031067 0.1515533
0.3045733 0.1522867
0.3053067 0.1526533
0.3067733 0.1533867

Qexternal } COP
input (KW)
277.26067 0.3610379
309.71067 0.3232101
363.794 0.2751602
417.87733 0.2395478
439.51067 0.227757
444,919 0.2249884
447.08233 0.2238997
449.24567 0.2228215
450.32733 0.2222863
452.49067 0.2212236

kg/KW cool for 50 KW coc
29.5 1475
29.5 1475
295 1475
29.5 1475
29.5 1475
29.5 1475
29.5 1475
29.5 1475
29.5 1475
29.5 1475




Mass Parameter

Specific

Mass

kg—K/kW-m
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APPEN DX 2

ESTIMATE oF VAPOR AR SCRDTION CYCLE PERTORMANCE
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External heat input radiator fluid
4 Superheated vapor §
Generator Condensor |
Satarated I
8 liquid f
y
Heat 6
exchanger y
3
19
7
10 y
2] 4 ber ] }‘t“““d vapor 1 |Evaporator
bt t14 |
Heat of reaction + Heat of condensation Heat from module
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APPEDIX B

ESTIMATE of MeTAL RYBRIDE CYCLE DeERFoRMANCE

ASSQW«Q}HO\»\S:
) MaAT = Total waass 6{, vesse | A
MA = Mass of mebal Uydaide
MAT = 22 Mj
®) A: CaNis
Net shecific \A.ud', Ca = O.uy \<T/“‘d'\<
Enthal by "lb odlsevyH own AW A = 1323006 KT
Stovage Concenhation SRA = 0.0174 4 3
\Coy — He
Ackve bevyHown csE\/eAm\ AL Ma :\‘qu-Cams
) B! l:a\_?\l_s ;
Net spzc'\g?c haq'Jt/ Cp = O-Uy \43'/\.:%.\(
Entlcl bg c‘SL ucisovﬁ-w'o\/\,a%\b = \4 550 \C‘%Ag,

Shvage Contavhation, X g = 0.01388 kg-lta
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CALCOLATIENS FoR. FLAT BATE RADIATORS
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CALCULATONS FoR PAREBLLEL PLATE RADATORE
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APPENDIX
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APPENDIX D
DECISION MATRIcES

Rating
100
90

70
60
50

40 -

30
20
10

Description
Completely satisfies all design criteria
Satisfies all the primary criteria
Satisfies most of the primary criteria and a]l secondary
Satisifes most primary and most secondary
Satisfies some primary and most secondary
Satisfies some primary and some secondary
Satisfies few primary and some secondary
Satisfies few primary and few secondary
Satisfies no primary and few secondary
Satisfies no primary and one secondary

Satisfies no primary and no secondary
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